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The Spectrum of Shock-Heated Gases Simulating the Venus Atmosphere
By

A. Fairbairn -

ABSTRACT

S0 / £33 O
Mixtures of 90% N, plus 10% COZ’ and 80% N, plus 20% CO2
have been heated by refl_e,cted shock waves to temperatures of about
8000°K and normal density. Photographic and photo-electric measure-
ments have been made of the emitted radiation in the region 0.23y to
1.244. The CN radical is the most prominent radiator in these exper:-

meoents and the intensity of the emission may be used to derive transition

probabilities for the violet and red systems of bands.
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INTRODUCTION

The composition of the atmosphere of Venus is not known with
any certainty. The spectrum of Venus shows some strong bands in the
photographic infrared which may certainly be attributed to carbon
dioxide‘ but to date no other constit\;ent of the atmosphere has been iden-
tified. Early estimates of the coxﬁposition (see Ref. 1) tended to favor
a predominance of CO,, about 85 p;‘rts per cent, with N2 and a little
oxygen making up the remainder. Lately the estimates have been revised
and atmospheres with a preponderence of N2 have been suggested. 2

While the estimate must remain somewhat arbitrary, it is clear
that the atmosphere of Venus does differ from that of the Earth by the
inclusion of an appreciable proportion of COZ' Thus it is to be expected
“that the equilibrium composition of the atmosphere heated to high tem-
peratures, as for example at the gas cap of an incoming vehicle will
contain the decomposition products of CO2 plus cross-products with
nitrogen.

These new constituents may well modify the radiation pattern
as compared with that of hot air and the present investigation has been

made to study this effect.

EXPERIMENTAL
The gas has been heated in a shock tube, 10 feet long and 1 I/L
inches in diameter. The driver is some two feet long and either cold
hydrogen or combustion drive may be used. For combustion drive,
stoichiometric mixtures ;)f oxygen and hydrogen diluted with about 4 parts
-of helium are used, the mixture being ignited by an exploding wire strung

down-the length of the driver,

LTI
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Shock speeds are measured by the time interval between signals
from ionization pick-ups at stations down the tube. Typical experimental
conditions have been an initial charging of the tube to a pressure of 10mm
Hg with experimental gas, a diaphré.gm bursting at around 2000 psi.

Shock speeds of around 4.5mm/usec are achieved. The initial gé.a mixture
was made up by partial pressures in-a mixing tank and left overnight
before use. Commercial nitrogen'a;n.d.carbon dioxide were mixed without
purification to give'ZO% COZ’ 80% Né, and 10% COZ’ 90% NZ' Thre shock
tube could be evacuated. to press;u'res has been lp,’ Hg and with leak rates

of about 1y Hg per minute accidental modification of the initial gas com-
position was not important.

The tube was closéd by an end plate with a flush mountea window
in its center and observations were made on the gas processed by the
reilection of the incident shock from the end wall. The gas was thus
viewed axially down the tube.

With this arrangement, there were about 30y s between the reflec-
tion of the shock and the interaction of the reflected shock with te boundary
layer and the contaminated region in front of the driver which causes a
heavy masking of the spectrum with impurities and an effective end of
the experiment. An extensive account of properties of reflected shocks
is given in Ref, 3,

Preliminary ob-se'rvations of the spectrum were made with a
mecdium quartz spectrograph fitted with a drum camera. The slit of the
spectrograph was lined up close to the window and no lens was used.

Wit a slit height of about Imm and the 12 inch circumference drum
spinning at 400 rps, a time resolution of about 10ys could be obtained.

With a2 50y entrance slit width,single shot spectra could be obtained.
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The entire photographic region between the limit of Kodak IN film at 0.9y
and the violet limit of 103-0 film at 0.23y was examined.

The drum camera observations gave valuable qualitative mea-
-sures of the spectrum and these were followed up by quantitative measure-
ments made with a photo-electric scanning spectrometer. This instrument
was built by J.C. Camm of this laboratory and will be fully described
elsewhere. It has a dispersion of about 3008 per mm and can scan about
30§ per U sec. Thus, it cpuld scal;l a;bout 9004 per experiment. With
‘-:,1-;-»(3 and re;i sensitive photomu.ltiplie rs the region between 1.2y and 0.3y
i . becn investigated. Order sorting was done with Corning filters.

The photofnultipliers were calibrated against sub-standard
tungsten lamps and the emissivity curves for tungsten given by DeVo:-;4
we e ised together withblack body tables to make t}';e calibration absolute.

A portion of the radiation entering the spectrometer was moni-
tored by a second photomultiplier to show when the experiment was over

ar o= an overall check on the reproducibility. In general the observed

r7diation could be repfoduced to better than + 50%.

RESULTS

The photographic records obtained showed that the radiation from
the CN radial was by far the biggest factor with the mixtures and conditions
already described. Both the red, A27T~ XZE, and violet, BZZ——XZZ,
transitions were observed. The red system extends from about 2|
dewn 1o about 0.4y with its main strength lying in the region 1.2y to
v.ou. The CN violet system is mainly confined to the (O, 2) (O, 1) (0, 0)
and (1, 0) sequences, a few of the tail bands were identified but their

contribution to the spectrum was very small. None of the other CN
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: systemss was identified.

Besides the carbon line at 24788, the only other carbon containing
sp«cics observed was the C2 Swan band system - but this was fairly weak. |
"The carbon monoxide 4th positive system which might be expected to
radiate at about 25008 and was not observed.

The other spectral features noted in this survey included the

\‘.Z isi positive and N2 2nd positive and a continuum extending from the

blue to beyon'd 2500R. The source of this continuum has yet to be identified.

The signals from the'pl"xoto—electric scanner were recorded from
in sc.: ograph trace, Fig.l. The true emission record was distorted
~sit. » »*h the wavelength and depth of hot gas were changing at the same
. tire .. %1l the recorded intensities was scaled to a time corresponding
~with a <. pth of 1 cm of radiating gas, using a computed value for the
reflectc ¢ shock speed. The simple assumption was made that the gas
~a . uip:t ally thin and thus the radiation was proportional to the depth.
,‘In scrne of the records obtained for the CN violet this was clearly
untenable (Fig.1l(b)), but in the red the assumption is justifiable. As a
:chepl'\, & few runs were made with the scanner immobile and the spectro-
~ meter set at a wavelength ‘of 92254 with the aid of an argon discharge
{Fig.1l(a)). The emission at this wavelength is quite intense but the records
- showed a fairly linear rise with time, Although the rise may appear
.line';:z', over a small distance, seif-a.bsorption can still be causing a lower’
“tev 1o he recorded.
The scanner also recorded some atomic lines which were not
suen on the films, these were oxygen and nitrogen lines and although
tt  sezk intensities were high, their widt'h was narrow and the total

rodio 1o was small compared with the band spectrum.

ol o n = S
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GAS PROPERTIES

The equilibrium gas temperature, density and compositions
were calculated from a machine proéram supplied by Los Alamos
Scientific Laboratory. Both the incident and reflected shock conditions
were calculated. This program uses input data from the JANAF6 Tables
which do not extend above 6000°K>

‘ ée calculations were made up to tem-

peratures of about 8000°K and so must be regarded as approximate.
{...zation was not taken into account. Since the CN radical was the main
r.iator its concentration was of most interest. It is unfortunate that

.. rw is considerable doubt about its dissociation energy. The JANAT

Tabies use a value of HO corresponding with a dissociation energy of 8. 35ev

: 8
while other authors, have given arguments for 8.2ev, and yet others
have given 7.6ev. At the temperature and pressures of these experiments
there is roughly a factor of two between the computed CN concentration

using Do = 7. 6ev and D0 = 8.35ev. There is also a neglect in the input

‘data of higher excited states of CN, which will be significally populated

in the experiments,
INTENSITY OF RADIATION

The CN red system is the A27r—— X2 Z transition of the molecule
and will thus have 12 rotational branches. Each vibrational level will
thus be split into a large nﬁmber of sub-levels and these cover the region
between vibrational levels, resulting in a fairly continuous coverage of
the spectium. Self-absorption only becomes serious when the intensity
at a ‘ari. ular wavelength approaches the black body limit and a smear-
ing of the transition over a large wavelength interval tends to keep the

speciral intensity low. Since the resolution in these experiments was
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much too low to see details of the rotational spectrum we shall here con-
sider only the integrated intensities of the various vibrational tra=nsitions.

A listing9

of the band heads shows the transition extending from 4400
to beyond 14, 0008 but the investigation here shows the region below
57008 to be unimportant. Dixon and Nicholls10 have made an investigatic
of the relative intensities in the system and their values may be coupied
with the relative populations of the vibrational levels to calculate the con-
tributions of each band to the total: The results show that at 80C¢"K cniy
about 10% of the total band intensity lies in the region beyond 1.2y which
could not be recorded. Only about 2% lies in the blue region beyond 0. 58;

The emission intensity of a radiator may simply be written as
Iem =N h v A where N is the number of emitters; h is Planck's con-
stant; A is the Einstein spontaneous emission probability; and v 1is the
frequency of the radiation. A is proportional to the quantum mechanical
electronic transition probability Re2 and also.to v 3. Normally, Re is a
function of the internuclear separation and thus varies from band to bz d.
In the case of CN red Dixon and Nicholls10 have shown this vari~“ion
to be small. Thus A will be a meaningful parameter for the who = Land
system. |

The proportionality of the intéhsity of radiation with number of
emitted assumes that once emitted radiation will not be re-absorbed.
Now in general, the radiation emitted will be given by Iv = BB(l-exp(_a v

where BB is the black body function; a v is the absorption coefficient at

v and x is the depth of radié.ting gas. When avx is small I") =B a,

B
and is proportional to the number of molecules in the ground state. The

quantity (1 - exp (-o.v x)) is the emissivity €, of the gas sé.mple. Thus,

if a given measured intensity is corrected by the factor



G - exp (-av X)) = - € _ljh/(l- €) , the effect of self-absorption

wii 'lowed for. Strictly, the relations given only apply to mono-
chr - ic light since a is a rapidly varying function of v . As already
not - .. the condition of high pressure and temperature in these experiments,

ogether with the characteristics of a molecular emission tend to smear
the detailed structure expected at low temperature and pressures and we
shall be approximately justified in-treating the band as having an average
absorption coefficient. A more reﬁllle.d correction will require a detailed
knowledge of the line shapes which can be obtained from a study under
high dispersion.

Another correction to be made concerns the effect of induced
emission. Whén the population of the upper state becomes appreciable
compared with the ground state induced emission will cause the apparent
transition probability to exceed the true value by the fa.ctor11
(1 - exp (-hc/r kT)).‘l

In Fig.2 is given the obse_fve:d inter;sity of the CN red system.
By comparison with the black body curve it can be seen that the average
emissivity of the gas is about 0.25 and the self-absorption correction will
be «bout 1,16, the induced emission factor is (1 - exp (~ 1.44/0.9 x 10'5):8000))“1
= 1.16. These two factors then cancel out.

Now the integrated radiation under the curve is 530 watts cm-3
Stel‘adlan-l with a median wavelength of 0.9u. The computed value for
the total number of CN radicals under these conditions is 6.6 x 1017 per
cm3 if D0 < 8.35evand 3 x 10}‘7 per cm3 if D0

functions for the CN molecule have been given by Burhorn and Weinecke12

= 7.6ev. The partition

and may be used for find the fraction of molecules in the A27r state. As

already stated, the radiation here observed represents about 90% of the
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X ansition. From the observed radiation a contribution must be

s . .led to allow for the N, lst positive radiation which will be the only

ot’". +  .ain radiation. This may be estimated as 50 watts crn"3 steradian-l.l?’
Tliis, we obtain A =1.4 x10° sec™l if D = 8.35ev and A = 2.8 x 107 sec™}

if Dy =1. bev.
VIOLET SYSTEM

In Fig. 3 is plotted the inté;qsity in the violet obtained with a 10%
COZ mixture. Figure 1(b) has .shown strong self-absorption occurring in
the (0, 0) band, and although the intensity at 3900A, i.e., the (0, 0) band
is apparently of the same order as that at 42008, i.e., the (0, 1) band,
this is a distoz;tion. The emission as 4200 is not strongly self-absorbed
and will be used to derive an approximate A value for the violet system.
The Frank-Condon factors for this system have been given by NichollsH'
up to the third vibrational level. While this restricted array is insuffi-
cient for detailed calculation, it may be used to show that approximately
5% of the total transition lies in the (0, 1) sequence of bands. -Here we
estimat e the integrated emission to be about 20 watts. The computed
density of CN is 3.6 x 1017 per cm3 and at the equilibrium teméerature

of 460001{, lin 213 are in the BZE state we thus obtain A = 6 x 106 :s;ec"1

1

if D, = 8. 35evand A =1.2 x 107 sec = for D0 = 7.6ev. The results may

be summarized:

TABLE I
. A sec!
System Wavelength D, = 8.35ev Dy = 7.6ev
Red 0.9, 1.4 x 10° 2.8 x10°
Violet 0.42y 6 x 10° 1.2 x 10

T NIRRT e ey e Lt T
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COMPARISON WITH OTHER WORK

Bennet and Dalby15 have given for the CN violet A =1.18 x 104sec.l

at about 0.39u, this may be scaled with the v 3 dependence to give 0.9 x 107
sec"1 at 0.42u. Tsang, Bauer and Cowperthwaite, 7 have given f number
estimates for the system of 1/2 to '1/3 of Bennet and Dalby's value. No
direct values for the transition pr.obability for the red system are known
to the author although Herzberg and I_Dhillips16 remark that the oscillator
strengths of the red and violet systems are both apparently of the same
order. Recently, Radford a;ui Broida.17 havelfound that the v' = 10 level
o: AZW has a radiative lifetime 6. 7 times that of the v' = 0 level of BZZ.
The Azﬂ v' = 10 level will have its main strength at about 0. 551, Scaling
the:: figures in Table I we 6btain a ratio of 12. It must be stressed that this
comparison is very approximate, but it does show at least order of mag-
nitude agreement between the two sets of'data.

In conclusion we may note that if the results given here agre=

q.-ite well with Bennet and Dalby's value if D, CN = 7. 6ev. On the other

0
hand they agree better with Tsang et al if D, CN = 8. 35.

L
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LEGEND: UPPER TRACES MONITOR; TIME INCREASES TO R|GHT, 10.s. PER DIVlSlON’
(a) LOWER BEAM SET AT 9225 Z, 20% CO,, 80% Nj, p,= 10 mm Hg Ug= 4.4 mm/pus.
o
(b) LOWER BEAM SET AT 3888 A, 10% CO,, 90% No, p;= 10 mm Hg Ug= 4.2 mm/ps.
(c) SCANNER GOING: 20% COZ' 80% NZ' P ° 10 mm Hg US 4.4 mm/ps.
(d) SCANNER GOING: 10% C02, 90% NZ' P " 10 mm Hg Ug = 4.3 mm/us.

Fig. 1 Oscillograms obtained with scanning spectrometer.
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